INTRODUCTION
Recently published crystal structures of ribosomal subunits and entire ribosomes at high resolution have increased our understanding of the structure and activity of the ribosome to a great extent. Structures of the large ribosomal subunit have been determined of the archaea Haloarcula marismortui, at 2.4 A H resolution [1] , and recently of the Gram-positive bacterium Deinococcus radiodurans, at 3.1 A H [2] . Two high-resolution structures of the small subunit of the Gram-positive bacterium Thermus thermophilus have been reported : one at 3.0 A H [3] , and one at 3.3 A H of a functionally activated subunit [4] . Furthermore, the structure of the whole ribosome of T. thermophilus has been solved at a resolution of 5.5 A H [5] . The structural data showed that the peptidyl transferase site is completely made up of rRNA and that the nearest distance to a protein residue is 18 A H . This observation led to the suggestion that the peptidyl transferase function lay solely with the rRNA, and that the ribosomal proteins functioned merely as cement, stabilizing the rRNA [1] . However, two recent studies [6, 7] showed that correct placement of tRNA and rRNA with respect to each other is the very basis of peptidyl transferase activity. Since ribosomal proteins introduce the correct structure into the rRNA they contribute indirectly to catalytic activity. Apart from this more secondary function in peptide-bond formation, the primary rRNA-binding proteins are necessary for ribosome assembly by changing the secondary structure of the RNA sites they bind and thus introducing new binding sites for secondary and tertiary rRNAbinding proteins. Moreover, ribosome assembly is known to be linked to ribosome synthesis by the auto-regulatory function of the expression of several ribosomal proteins. Apart from their own expression these proteins control the expression of other ribosomal proteins in the same operon [8] . In addition to ribosome-related functions, many ribosomal proteins have additional extra-ribosomal functions [9] . Complete understanding of all tasks performed by the ribosomal proteins thus requires Abbreviations used : NOE, nuclear Overhauser enhancement ; NOESY, NOE spectroscopy ; HSQC, heteronuclear single-quantum coherence spectroscopy ; r.m.s.d., root mean square deviation ; TthL18, Thermus thermophilus L18 ; HmaL18, Haloarcula marismortui L18. 1 To whom correspondence should be addressed (e-mail helena.berglund!biotech.kth.se).
The coordinates for the presented ensemble of L18 structures have been deposited in the Protein Data Bank under accession code 1ILY.
and found that the structures of the RNA-recognition sites are conserved. Important features, for instance a bulge in the RNAcontacting β-sheet, are conserved in both proteins. We suggest that the L18 fold recognizes a specific RNA motif and that the resulting RNA-protein-recognition module is tolerant to variations in sequence.
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information of the structure and dynamics of the ribosomal proteins in their RNA-bound and free states. Ribosomal protein L18 from T. thermophilus (TthL18) contains 111 amino acids and has a molecular mass of 12.5 kDa. It is located in the central protuberance of the large subunit of the bacterial ribosome. In T. thermophilus the central protuberance consists of ribosomal proteins L5 and L18, together with the 5 S rRNA molecule and part of domain V of the 23 S rRNA molecule. L18 is a primary 5 S rRNA-binding protein, i.e. no binding of other components of the 5 S\23 S rRNA-protein complex is required for binding of L18 to 5 S rRNA. Binding of L18 to Escherichia coli 5 S rRNA induces a conformational change in the junction of helices 1, 2 and 4 (also called helices A, B and D, respectively) [10] , and has been shown to stimulate binding of L5 to 5 S rRNA and formation of the 5 S\23 S rRNA-protein complex [11] . The N-terminal 20 residues of L18 are not required for binding of 5 S rRNA, but they are needed for formation of the complex with 23 S rRNA and L5 [11] .
Here we present the solution structure of the uncomplexed TthL18, determined by NMR spectroscopy. From a comparison of the uncomplexed and the recently published RNA-complexed structures of L18 we see that RNA-contacting loops change their conformation when they reach out to interact with RNA. Furthermore, comparison of the structures of TthL18 and its homologue in T. thermophilus, S11, has resulted in the suggestion that the L18 scaffold recognizes a specific RNA motif where sequence variation is allowed in both protein and RNA sequences to ensure sequence-specific binding.
EXPERIMENTAL NMR spectroscopy
NMR samples contained 0.8-1.6 mM L18 in a 50 mM KH # PO % \ 200 mM LiCl NMR buffer (pH 5.9) and 10 % (v\v) #H # O. All
Figure 1 Amino acid sequence alignment of L18 and homologous eukaryotic L5 sequences identified by their SWISS-PROT codes
Residues that are part of the hydrophobic core in TthL18 are shaded black. Grey shading indicates universally conserved or conservatively substituted amino acids that do not contribute to the hydrophobic core of TthL18. Of the archaeal and eukaryotic sequences only the regions homologous to L18 are included in the alignment. The secondary-structure elements of TthL18 are indicated above the alignment ; open boxes indicate β-strands and filled boxes are α-helices ; ht, helical turn.
NMR spectra were recorded at 30 mC on Bruker AVANCE spectrometers at 500 and 600 MHz unless indicated otherwise. Data were processed using NMRPipe [12] on SGI workstations. All spectra were analysed using the software ANSIG 3.3 [13] on SGI workstations or Ansig for Windows [14] on a PC. Expression and purification of TthL18, as well as resonance assignments, are described in [15] . Nuclear Overhauser enhancement (NOE) distance restraints were extracted from two-dimensional NOE spectroscopy (NOESY) [16] recorded at 800 MHz, "&N-edited NOESY-heteronuclear single-quantum coherence spectroscopy (HSQC) [17] recorded at 700 MHz and "$C-edited NOESY-HSQC [18] recorded at 800 MHz, all with cross-relaxation mixing times of 120 ms. The two-dimensional NOESY and the "&N-edited NOESY-HSQC were recorded on Bruker AVANCE spectrometers, while the "$C-edited NOESY-HSQC was recorded on a Varian Inova spectrometer.
NOE distance restraints
NOESY crosspeaks were integrated within ANSIG and distances were calibrated according to known distances in secondarystructure elements [19] . NOE restraints were grouped into four classes : very weak (1.8-6.0 A H ), weak (1.8-4.3 A H ), medium (1.8-3.5 A H ) and strong (1.8-2.5 A H ). The software AQUA [20] was used to remove redundant restraints.
Dihedral angle restraints and stereospecific assignments
Backbone dihedral angle restraints were derived from $J HNH α couplings as described previously [15] . For $J HNH α coupling values lower than 5.0 Hz, the angle was restrained to k60m (p30m). When the $J HNH α value exceeded 8.0 Hz, the angle was restrained to k120m (p30m). Dihedral angles were also determined from chemical-shift data using the software TALOS [21] . When angles could not be determined from $J HNH α couplings and TALOS angles were classified as good, the TALOS angles were used in the structure calculation. All TALOS ψ angles classified as good were used in the structure calculation.
angles of the remaining residues (except Gly and Pro) were restrained to be negative (k90mp90m).
In order to determine χ " angles, short-mixing-time "&N-TOCSY-HSQC (40 ms isotropic mixing time) and "&N-NOESY-HSQC (50 ms cross-relaxation mixing time) experiments [17, 22] , as well as a constant-time HNHB experiment [23] , were recorded at 600 MHz. Angles were restrained to gauche gauche (j60m), trans gauche (k60m) or gauche trans (180m) based on the $J H α H β coupling (TOCSY) , the $J H β HN coupling (HNHB) and Solution structure of Thermus thermophilus ribosomal protein L18 the relative distance between the β-hydrogens and the backbone amide hydrogen.
Hydrogen bonds
A series of "&N-HSQC experiments were recorded at 600 MHz and 30 mC on a lyophilized "&N-labelled L18 sample dissolved in 100 % #H # O. Amide protons that were still visible 1 h after dissolving L18 in #H # O were identified as hydrogen-bond donors. Hydrogen bonds were included in the calculation after the hydrogen-bond acceptors were identified by typical NOE patterns in secondary-structure elements, or after inspection of the initial structures. Two distance restraints were used per hydrogen bond : one between the acceptor oxygen and the donor hydrogen (1.8-2.2 A H ) and one between the acceptor oxygen and the donor nitrogen (2.8-3.2 A H ).
Structure calculation
Structures were calculated within the CNS software system [24] on SGI workstations using simulated annealing with torsion angle dynamics. The N-terminal 21 residues were not included in the structure calculations because either no distance restraints or only intra-residue and a few sequential NOEs could be obtained for them.
All distance restraints were averaged with r ' summation. The procedure for the structure calculations mostly followed the standard input file anneal.inp of CNS. For high-temperature dynamics the protein was heated up to 70 000 K in 1000 dynamics steps of 15 ps each. In the first slow-cool annealing stage the protein was cooled to 0 K in 1680 steps of 25.2 ps each, and in temperature steps of 250 K. A second Cartesian slow-cooling annealing stage was used, in which the starting temperature was 1000 K. The protein was cooled to 0 K in 3000 steps of 15 ps each, in temperature steps of 25 K. In the final energy minimization stage the energy of the structures was minimized in 2000 steps. The initial structure calculations were part of an iterative process in which the group of structures constructing the lowest energy family was selected for further analysis. Distance violations were checked interactively in Ansig for Windows [14] and the quality of the structures was analysed with PROCHECK-NMR [20] and MOLMOL [25] . Corrections were made in the CNS input files and structure calculation was reinitiated. For the final ensemble, the accept.inp protocol of CNS was used to calculate an energy-minimized average structure. The surface electrostatic potential was calculated using MOLMOL [25] .
Charges were assigned to atoms by the simple charge definition of MOLMOL. Dielectric constants of 2 and 80 were used for protein and solvent respectively. The solvent radius was 1.4 A H , the salt concentration was 1 M and the salt radius was 2 A H . A boundary condition of zero potential at 10 A H from the surface of the molecule was applied.
RESULTS

NMR spectroscopy, assignments and structure calculations
Sequence homology was only found within the L18 family ; the alignment of the amino acid sequences of TthL18 and other members of the L18 family is shown in Figure 1 . A total of 101 of the 109 expected backbone resonances could be assigned in the "H,"&N-HSQC spectrum of L18 recorded at 30 mC (Figure 2) . The assignment and secondary-structure characterization of TthL18 has been published previously [15] . A total of 1925 NOE distance restraints were used for structure calculation, the statistics of which are shown in Table 1 . The number of NOE distance restraints per residue was quite evenly distributed for residues 23-111 (results not shown). For the N-terminal 22 residues either no NOEs or only intra-residue and sequential NOEs could be observed. Similarly, a decrease in the number of NOE restraints was observed for loop regions around residues 31-32, 58-63 and 90-95. A notably high number of long-range NOEs (69) was assigned to Leu-25, which was found to be completely buried in the core of the protein.
A total number of 125 backbone dihedral angles (68 angles and 57 ψ angles), derived from $J HNH α couplings or predicted by TALOS [21] , were included as restraints in the structure calculation (Table 1) . For 12 residues, the side chain χ " angles were . The N-terminal region was left out of the calculation because it was determined previously to be unstructured in solution [15] . In some structures four residues (Leu-31, Lys-61, Tyr-93 and His-94) have dihedral angles in the generously allowed region of the Ramachandran diagram. In 12 out of the 27 selected structures, Lys-56 has a disallowed backbone conformation. These residues reside in regions where there are little or no structural data. For example, no dihedral angle restraints are available for any of these five residues. Additionally, no NOE distance restraints are available for Leu-31 and Lys-61, and very few NOEs have been assigned to Lys-56, Tyr-93 and His-94.
Description of the structure
The final ensemble of L18 structures (residues 22-111) and the average structure with secondary-structure elements included are shown in Figure 3 . The structured part of L18 consists of two α-helices, a β-sheet formed by three anti-parallel β-strands and one small parallel β-strand, and a helical turn. The unstructured Nterminus is followed by the first β-strand (β1 ; Leu-23-Arg-29), loop 1 (Ser-30-His-33), the second β-strand (β2 ; Ile-34-Asp-40) anti-parallel to β1, loop 2 (Asp-41-Val-45), the third β-strand ( β3 ; Thr-46-Ser-51) anti-parallel to β2 and with a bulge at Leu-47, a short helical turn (Ser-52-Leu-55), loop 3 (Lys-56-Thr-62), the first helix (α1 ; Glu-63-Leu-79), loop 4 (Gly-80-Gln-83), the fourth β-strand ( β4 ; Val-84-Phe-86) parallel to β1, loop 5 (Asp-87-Gly-95), the second helix (α2 ; Arg-96-Gly-107) and the extended C-terminus (Gly-108-Phe-111). The C-terminal three residues of L18 are well ordered. The dihedral angles and overall organization of the C-terminus suggested the presence of an additional or transient β-strand parallel to the beginning of β4. However, since $J HNH α coupling constants for Gln-110 and Phe-111 are lower than in a well ordered β-strand, the region was designated as a coil. Slow amide hydrogen-exchange rates suggest that the amide hydrogen of Phe-111 is hydrogen-bonded, and the only hydrogen-bond acceptor in the vicinity of the amide hydrogen is the aromatic ring of the same residue. In the structure the amide hydrogen is located above the ring plane, approx. 2.5 A H from the centre. This position is also manifested in an upfield shift of the amide hydrogen chemical shift (Figure 2) . The N-H bond vector has a parallel orientation with respect to the side-chain ring, which is the most frequently observed relative positioning in intra-residue backbone amide-aromatic ring interactions [26] . Aromatic-backbone amide interactions have been found to be stabilizing for local structure [26] and the conservation of Phe-111 in bacterial L18 indicates that its presence is required for stabilization of the C-terminus.
Apart from the flexible N-terminus, there is some mobility in loop 3 (between the helical turn and helix α1), as judged by attenuated (Asn-60) and\or broadened (Leu-53, Lys-56 and Gly-59) amide resonances (Figure 2) , and lowered o"Hq-"&N steadystate NOE values [15] . The top panel of Figure 3 shows that the backbone r.m.s.d. values are relatively large for loop 3.
The solvent-accessible surface of TthL18 was calculated in MOLMOL [25] using a probe of 1.4 A H . Residues less than 5 % accessible were defined as buried. A large part of the hydrophobic core is formed by residues of the β-sheet and helix α1 (Figure 1) . The second helix, α2, lies anti-parallel to α1 in a slightly tilted way and is more exposed to the solvent than α1.
The electrostatic surface of L18 consists of distinct patches with positive or negative potential, as is shown in Figures 4(B) and 4(C). Of the 22 unstructured N-terminal residues, 10 are positively charged. Most of these charges are conserved, in both bacterial and archaeal L18. In the globular part of L18 most positive charges cluster on the surface formed by residues of the β-sheet, loops 1, 3 and 5, and the two helices. Most of the surface-exposed residues of the β-sheet are neutral.
The Protein Data Bank was searched for structurally homologous proteins using the programs TOP [27] and DALI [28] . Apart from H. marismortui L18 (HmaL18 ; with a DALI z score of 8.4), ribosomal protein S11 from T. thermophilus was identified as a structural homologue by both programs, with a DALI z score of 7.3. Sequence alignment showed that 21.6 % of the residues of S11 and TthL18 were identical. 
DISCUSSION
We have determined the high-resolution solution structure of ribosomal protein TthL18. Comparable with many other ribosomal proteins, L18 contains a globular domain and an extended region. The globular domain folds to a mixed α\β structure while the N-terminus is totally unstructured and flexible in solution [15] . By comparison of our structure of uncomplexed L18 with the RNA-compexed L18 structures from H. marismortui and T. thermophilus we were able to investigate both species-specific and RNA-induced structural differences. Despite low sequence similarities we also found a pronounced similarity between L18 and ribosomal protein S11, both in terms of structure and in their modes of RNA binding. Finally we were able to map the regions important for extra-ribosomal functions of the L18-like domain of an eukaryotic ribosomal protein on to the uncomplexed L18 structure.
Comparison with RNA-complexed L18
We compared our solution structure of TthL18 with the 2.4 A H crystal structure of HmaL18 determined within the large subunit of the archaeal ribosome [1] . We also compared our solution structure with the HmaL18-based Cα model of TthL18 from the 5.5 A H crystal structure of the complete T. thermophilus ribosome [5] . HmaL18 is larger than TthL18 but most buried residues in the globular domain are universally conserved or conservatively substituted (Figure 1 ). The two helix-breaking glycines (Gly-80 and Gly-108) are also conserved. The structure of their globular domains is essentially the same ( Figure 4A ). Like TthL18, HmaL18 contains a bulge in β3, with Leu-58, corresponding to Leu-47 in TthL18, as the bulge-forming residue. In RNA-bound L18, the surface of the four-stranded β-sheet forms a large interface with 5 S RNA. Seven of the eleven residues that face the RNA are conserved between HmaL18 and TthL18, and the side-chain distribution allows for a close fit of the β-sheet with the groove of the 5 S RNA helix. The structure of the β-sheet does not change upon RNA interaction, apart from a small translocation of β3 in the T. thermophilus ribosome L18 model. Structural differences between the uncomplexed and the RNA-complexed protein are instead found in the loops that reach out to contact RNA. Loop 2, together with the top part of the β-sheet, stretches out over helix 1 towards loop A of 5 S rRNA, whereas the short helical turn following β3 together with loops 3 and 5 contact 5 S rRNA loops B and C and helix 3. Loop 2 is longer in H. marismortui and, as a result of this and its interaction with RNA, its conformation differs in all three L18 structures ( Figure 4A) . In HmaL18 the helical turn is extended to a short helix. Since the same extension is not seen in TthL18 complexed with RNA we interpret this as a species-dependent difference. The conformation of loop 3, which displays length variation within the L18 family (Figure 1 ), differs in all three L18 structures. In the uncomplexed state loop 3 undergoes conformational dynamics, some of which could remain in the RNAcomplexed state. Loop 5 possesses very similar conformations in HmaL18 and uncomplexed L18 but as a result of interaction with RNA it is differently oriented in the two proteins. Finally, loop 4 has an identical conformation in all three proteins ; it faces out from the globular domain of L18 and lacks RNA contacts.
By measuring intermolecular distances less than 4 A H between heavy atoms in the protein and on the RNA bases, we identified putative protein-rRNA base interactions in the HmaL18-5 S rRNA complex. Such interactions were found for eight residues, four of which are located in loop regions (Asn-40 and Lys-41 in loop 1, Asn-53 in loop 2 and Gly-112 in loop 5). The other four are β-sheet residues (Arg-44 and Gln-46 in β2, Asp-55 and Thr-57 close to the bulge in β3). Of these eight residues, only Gln-46 is completely conserved in the L18 family (Figure 1) . Asp-40, Arg-44, Asn-53 and Asp-55 are not conserved, whereas Lys-41 is mostly conserved and Gly-112 is totally conserved in archaea and eukarya. The position of Thr-57, corresponding to Thr-46 in TthL18, is mostly occupied by threonine and valine residues (Figure 1 ). The 5 S rRNA nucleotides participating in baseprotein interactions are divided over helix 1 (contacting residues of β2, loop 2 and the bulge region) and helix 3\loop C (contacting residues of loops 1 and 5). Whereas the protein-contacting nucleotides of helix 1 vary in sequence between H. marismortui, T. thermophilus and E. coli, the helix 3\loop C nucleotides are completely conserved. Additionally, 20 residues are located within the same short distance from the RNA backbone and could participate in sugar and phosphate backbone interactions. This group includes the majority of the RNA-facing residues on the surface of β1 and β2 as well as most residues of loop 2 and the region around the bulge in β3, and some residues in loops 3 and 5. Most of the residues available for RNA-backbone contacts are not conserved between different kingdoms or even within the same kingdom. The exception is Asn-77 in loop 3, which is almost universally conserved.
The largest RNA-induced conformational change occurs in the basic and extended N-terminus. From being completely unstructured in the uncomplexed state it forms a small helical turn (Arg-2-Tyr-6) and a helix (Asp-19-Ser-29) upon complex formation with RNA. The N-terminus is rich in contacts with RNA and is positioned like a rod between 5 S rRNA (helix 2 and loop A) and 23 S rRNA. The N-terminus of HmaL18 also contacts neighbouring ribosomal protein L5. It is not known whether a helix is formed in TthL18 upon interaction with 23 S rRNA. However, the N-terminus of the recently published structure of D. radiodurans L18 [2] does contain a helix in this position, which suggests that L18 from the closely related T. thermophilus may have a comparable structure.
Comparison with RNA-complexed S11
The crystal structure of the structural homologue S11 has been determined within the small subunit of the T. thermophilus ribosome to a resolution of 3.0 A H [3] . With 129 amino acids, S11 is slightly larger than L18. While the N-terminus of S11 is six residues shorter than the N-terminus of TthL18, the C-terminus is longer and includes an extra β-strand. Apart from the N-and C-termini, the structures of L18 and S11 are highly similar, despite low sequence similarity ( Figure 4D ). The solvent-accessible surface was determined for S11 in the same way as for TthL18 (see the Results section). It was found that the distribution of core residues throughout both structures is extremely similar. Although only 6 of the 21 core residues in TthL18 are identical in S11, 10 additional residues are substituted conservatively. The likeness between the TthL18 and S11 cores agrees well with the high structural similarity that we have found. Superposition of S11 and TthL18 on 45 residues in secondary-structure elements according to a sequence alignment generated by the GeneStream server [29] yields a r.m.s.d of 3.6 A H , while superposition of the same residues based on the structural alignment by DALI [28] results in a r.m.s.d. of 1.4 A H . The sequence alignment between HmaL18, TthL18 and S11 shown in Figure  4 (D) is therefore based on the structural alignment by DALI. From the alignment it can be observed that the RNA-contacting loops show substantial variation in amino acid and charge composition. TthL18 contains more positive charges than HmaL18 and S11, and most of the extra charges reside in loop regions. In both L18 and S11 most of the positive charges are clustered in the N-terminal region.
Structural alignment of HmaL18 and S11 with part of their respective RNA substrates shows how similarly the β-sheets of L18 and S11 bind their RNA-recognition sites ( Figure 4E ). The sequences of 5 S and 16 S rRNA used in this Figure are displayed in Figure 4(D) . The RNA-contacting residues of the β-sheet are not very conserved between L18 and S11, yet the β-sheet binds to a very similar RNA motif. In parallel to this, the sequence similarity between the two (5 S and 16 S) RNA motifs is limited to two GC pairs ( Figure 4D ). As with HmaL18 and TthL18, S11 contains a bulge at the beginning of β3, with Ile-40 as the bulgeforming residue. Although only the hydrophobic character of the bulge-forming residue is conserved, the structure of the bulge is remarkably similar in the three proteins. In both L18 and S11 the presence of the bulge causes a bending of the preceding loop 2 residues towards the RNA. Based on the same 4 A H condition as used for identification of interactions between HmaL18 and 5 S rRNA bases, residues Gly-37-Pro-39 (in loop 2 and β3) were found to be available for interaction with the bases of 16 S rRNA base pair C(!(-G')$. This is one of the two base pairs in this RNA motif identical with the corresponding base pair in 5 S rRNA (C'-G""(). The bases of these 5 S rRNA nucleotides are close to loop 2 and β3 residues of HmaL18. Apart from Gly-37-Pro-39, there are five other residues in S11 close enough to 16 S rRNA to form base contacts. Two of these, Ile-29 and Thr-31, are located in β2. Interestingly, the corresponding residues in HmaL18 are also close enough to interact with RNA bases, but both the character of the protein residues (Ile-29 and Thr-31 correspond to Arg-44 and Gln-46, respectively, in HmaL18) and that of the interacting bases (UA in 16 S rRNA versus GG in 5 S rRNA) are different. This suggests that protein-RNA contacts in this region are sequence-specific.
When comparing the residues in HmaL18 and S11 involved in RNA backbone contacts, it can be concluded that mostly the same protein regions contribute to these contacts. Protein-RNA backbone contacts are plentiful in the bulge region, in both S11 and HmaL18. We suggest that these contacts serve to fit the local protein and RNA structures together, whereas protein-base contacts account for specific recognition. Most RNA-facing residues of strands β1 and β2, as well as those of loop 1, are close enough to contact the RNA backbone. Finally, it may be significant for RNA recognition that the RNA-binding surface made up of the β-sheet with its characteristic bulge is a welldefined structure in solution.
Based on the observations above, we suggest that the L18 fold is a scaffold that recognizes a specific RNA structure. The majority of contacts between protein and RNA are unspecific, but sequence-specific recognition may make the interaction specific for a protein and its rRNA-recognition element. Specific interactions may be necessary for recognition when the rRNA substrate has not yet reached its native structure. This view is supported by the knowledge that certain ribosomal proteins, including L18, introduce the correct structure in their rRNAbinding partner.
L18-like domain in eukaryotic L5
The eukaryotic homologue of L18 is L5. Analysis of the bacterial and archaeal L18 structures and homologous structure S11 suggests that the L18 domain of eukaryotic L5 is likely to have a similar structure, since most buried residues of ThtL18 are conserved or substituted conservatively in the eukaryotic members of the L18 family. In addition to its role in the eukaryotic ribosome, L5 is actively involved in 5 S rRNA nucleocytoplasmic transport. The L18 domain of eukaryotic L5 contains two signal sequences required for this function : a nucleolar-localization signal and a nuclear-export signal [30, 31] . The nucleolar-localization signal is located in the region corresponding to the extended N-terminus and covers the helical loop and most of the helix in the N-terminal region of L18 that is unstructured prior to incorporation in the ribosome. The nuclear-export signal is formed by most of helix α2 and contains a leucine-rich motif important for interaction with an export receptor [30] . The structure of the region corresponding to the nuclear-export signal in L18 suggests that these leucines are structurally important and that the recognition element for the export receptor is a helical structure.
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